Abstract: In vitro metabolism of methadone was investigated in cytochrome P450 (CYP) supersomes and phenotyped human liver microsomes (HLMs) to reconcile past findings on CYP involvement in stereo-selective metabolism of methadone. Racaemic methadone was used for incubations; (R)-and (S)-methadone turnover and (R)-and (S)-EDDP formation were determined using chiral liquid chromatography-tandem mass spectrometry. CYP supersome activity for methadone use and EDDP formation ranked CYP2B6 > 3A4 > 2C19 > 2D6 > 2C18, 3A7 > 2C8, 2C9, 3A5. After abundance scaling, CYP3A4, 2B6 and 2C19 accounted for 63-74, 12-32 and 1. 4-14% of respective activity. CYP2B6, 2D6 and 2C18 demonstrated a preference for (S)-EDDP formation; CYP2C19, 3A7 and 2C8 for (R)-EDDP; 3A4 none. Correlation analysis with 15 HLMs supported the involvement of CYP2B6 and 3A. The significant correlation of S ⁄ R ratio with CYP2B6 activity confirmed its stereo-selectivity. CYP2C19 and 2D6 inhibitors and monoclonal antibody (mAb) did not inhibit EDDP formation in HLM. Chemical and mAb inhibition of CYP3A in high 3A activity HLM reduced EDDP formation by 60-85%; inhibition of CYP2B6 in 2B6 high-activity HLM reduced (S)-EDDP formation by 80% and (R)-EDDP formation by 55%. Inhibition changed methadone metabolism in a stereo-selective manner. When CYP3A was inhibited, 2B6 mediated (S)-EDDP formation predominated; S ⁄ R stereo-selectivity increased. When 2B6 was inhibited (S)-EDDP formation fell and stereo-selectivity decreased. The results confirmed the primary roles of CYPs 3A4 and 2B6 in methadone metabolism; CYP2C8 and 2C9 did not appear involved; 2C19 and 2D6 have minimal roles. CYP2B6 is the primary determinant of stereo-selective metabolism; stereo-selective inhibition might play a role in varied plasma concentrations of the two enantiomers.
Methadone is a l-opioid receptor agonist that is used for the treatment of chronic pain and opioid dependence. Clinically, it is used in the racaemic form; (R)-methadone has higher affinity at l and d opioid receptors [1] and greater analgesic activity [2] . Pharmacokinetic studies in human beings have also found differences between the two isomers, with (R)-methadone having significantly longer elimination half-life, greater volume of distribution, and lower protein binding [3] [4] [5] . Methadone is subject to numerous pharmacokinetic drug interactions; these are thought to primarily occur at cytochrome P450 (CYP) sites of methadone metabolism [6] [7] [8] [9] . The stereo-selectivity of the drug interaction may be of importance; interactions that increase or decrease (R)-methadone may lead to toxicity (i.e. respiratory depression) or withdrawal, respectively; interactions that increase (S)-methadone may increase the incidence of prolonged QT intervals [10] .
Since the initial studies on CYP involvement in the in vitro metabolism of methadone [11, 12] , five other laboratories have investigated comparative involvement of different CYPs in methadone metabolism [13] [14] [15] [16] [17] [18] [19] . Most of these in vitro studies focused on the predominant metabolic pathway, N-demethylation followed by spontaneous cyclization to form 2-ethyl-1,5-dimethyl-3,3,-diphenylpyrrolidine (EDDP). The involvement of CYP3A4 was noted in all of these studies; and all that studied stereo-selectivity noted none for 3A4-mediated methadone N-demethylation [13, 15, 16, 18, 19] . Two laboratories also studied methadone depletion, with contrasting results; Wang and De Vane [15] found CYP3A4 depleted (R)-methadone at a much higher rate, Gerber et al. [16] found no difference in the depletion of (R)-and (S)-methadone by CYP3A4. As tools to study CYP2B6 became available, its important role in methadone N-demethylation was also noted [16, 17] , and studies on the stereo-selectivity of the reaction consistently showed higher rates of (S)-methadone metabolism by CYP2B6 [16, 18, 19] . Other CYPs have also been reported to be involved in methadone N-demethylation including: 2D6 [11, 15, 16] , 2C8 [15] , 2C9 [11] [12] [13] 16] and 2C19 [11, 13, 16, 18, 19] . Among these CYPs, 2C19 (R > S) [16, 18, 19] , 2C8 (R > S) and 2D6 (S > R) [15] displayed stereo-selectivity.
These studies leave some questions about the involvement of CYPs besides 3A4 and 2B6 in methadone N-demethylation and the stereo-selectivity of methadone depletion. Only one study on CYP2B6 stereo-selective methadone N-demethylation provided detailed evidence beyond metabolism in recombinant expressed CYP [19] . The current investigation has both confirmed and expanded on these findings. We have tested the stereo-selective metabolism of methadone in a large panel of CYP supersomes with scaling of supersome Author for correspondence: David E. Moody, Center for Human Toxicology, Department of Pharmacology and Toxicology, University of Utah, 417 Wakara Way, Suite 2111, Salt Lake City, UT 84108, USA (fax 801-581-5034, e-mail david.moody@utah.edu).
activities, correlation analysis and use of a number of specific chemical inhibitors and monoclonal antibodies (mAbs). The relative contribution of 3A4 and 2B6, as well as other CYPs, to in vitro methadone metabolism and stereo-selective metabolism was determined.
Materials and Methods
Materials. Racaemic methadone, racaemic EDDP perchlorate and the corresponding d 3 -labelled analogues were purchased from Cerilliant (Round Rock, TX, USA). D-Glucose 6-phosphate monosodium salt, glucose-6-phosphate dehydrogenase, b-NADP sodium salt, EDTA disodium salt, MgCl 2 , ketoconazole, isoniazid, troleandomycin, raloxifene, tamoxifen, diltiazem, N,N¢N¢-triethylenethiophosphoramide (Thio-TEPA), orphenadrine, ticlopidine, quinidine and erythromycin were obtained from Sigma ⁄ Aldrich Chemical Corp. . Insect cell cDNA-expressed human CYPs (supersomes) and phenotyped HLMs were purchased from BD-Gentest (Woburn, MA, USA). Inhibitory mAbs to human CYP3A4 ⁄ 5, 2B6, 2C19 and 2D6 were provided by the National Cancer Institute of the National Institutes of Health (Bethesda, MA, USA). All aqueous reagents were prepared in purified water (specific resistance > 18.2 mX ⁄ cm) obtained from a Milli-Q Plus water purification system.
In vitro incubation of methadone with recombinant human CYPs. The metabolism of methadone was evaluated in microsomes prepared from insect cells transfected with cDNAs encoding for human CYP1A2, 2A6, 2B6, 2C8, 2C9*1, 2C18, 2C19, 2D6*1, 2E1, 3A4, 3A5 and 3A7. All supersomes co-expressed NADPH CYP reductase, and those that co-expressed cytochrome b 5 were used where available, this was not the case for 1A2, 2C18 and 3A5. The incubation mixture (final volume 200 ll) contained incubation buffer (0.1 M phosphate buffer pH 7.4 with 1.0 mM EDTA and 5.0 mM MgCl 2 ); an NADPH generating system (NADPH GS) composed of 10 mM glucose-6-phosphate, 1.2 mM NADP, and 1.2 units of glucose-6-phosphate dehydrogenase; 25 pmol P450 and 750 ng ⁄ ml methadone. The reaction was initiated by adding the NADPH GS, and incubated at 37°C in a shaking water bath for 30 min. This was repeated for 10 min. for 2B6 and 3A4. Control insect cell microsomes were used at the mean protein concentration averaged over all of the supersomes. The reactions were stopped by the addition of 100-ll ice-cold methanol and the mixture was stored at )75°C until analysis. Scaling of activities was determined as: total activity = P activity i · abundance i , where i = individual CYP activities and abundance was determined from immunoquantitation of CYP or from the relative activity factor (RAF), where RAF = (mean activity for CYP ) specific reaction in HLM) ⁄ (activity for CYP-specific reaction by cDNA-expressed CYP). Data for HLM immunoquantitations and CYP-specific activities were from a commercial (Gentest) database (except for CYP2B6 activities) as previously described [20] .
Correlation studies. HLMs from 15 individual donors along with data for CYP-specific enzyme activities, provided by BD-Gentest, were used to study the relationship between the formation of (R)-and (S)-EDDP and the metabolism of selective CYP substrates. The ability of HLM from each donor to metabolize methadone to (R)-and (S)-EDDP, as well as the S ⁄ R ratio, was correlated with CYP-specific enzyme activities. The experiment was performed with incubation conditions described above with 750 ng ⁄ ml methadone and 0.5 mg ⁄ ml HLM protein for 30 min.
Inhibition studies. The inhibition of methadone N-demethylation by chemical inhibitors and mAbs was evaluated in CYP supersomes and phenotyped HLMs. (i) Chemical inhibition. The selective chemical inhibitors included: CYP3A4 ⁄ 5 inhibitors ketoconazole (2 lM), midazolam (10-100 lM), fluoxetine (10 lM), erythromycin (50 lM), isoniazid (500 lM), troleandomycin (10-50 lM), raloxifene (30 lM), tamoxifen (10 lM), verapamil (10 lM) and diltiazem (10 lM); CYP2B6 inhibitors Thio-TEPA (0.1-100 lM) and orphenadrine (100 lM); CYP2C19 inhibitor ticlopidine (50 lM); 2D6 inhibitors quinidine (10 lM), fluoxetine (10 lM) and paroxetine (1 lM). The incubation was performed with or without a 15-min. pre-incubation for mechanism-based and non-mechanism-based inhibitors, respectively, with 25 pmol CYP supersome or 0.5 mg ⁄ ml HLM protein, followed by the addition of methadone (750 ng ⁄ ml). CYP3A4 and 2B6 supersomes and HLM with high 3A4 and 2B6 activity were incubated for 15 min.; 2D6 and 2C19 supersomes and HLM with high CYP2D6 and 2C19 activities were incubated for 30 min. The incubation sample with addition of same amount of methanol served as control.
(ii) mAbs inhibition. The recommended volumes (10 ll) of mAbs specific for CYP3A4 ⁄ 5, 2B6, 2C19 and 2D6 were pre-incubated with 0.5 mg ⁄ ml HLM protein in 200 ll of incubation buffer for 5 min. at 37°C [21] . Tubes were then placed on ice and methadone at the final concentration of 750 ng ⁄ ml was added. The reaction was initiated by addition of the NADPH GS and incubated at 37°C for the times noted above. Ten microlitres of egg lyersozyme was used as a control.
Liquid chromatographic-electrospray ionization-tandem mass spectrometric analysis (LC-MS ⁄ MS). The quantification of (R)-and (S)-methadone and (R)-and (S)-EDDP was performed with our previously described LC-ESI-MS ⁄ MS method [5]. In brief, 20 ll of 1 ng ⁄ ll (R)-and (S)-methadone-d 3 and (R)-and (S)-EDDP-d 3 were
added to the incubation samples as internal standards followed by 25 ll of 1 N NaOH, and 3 ml of methyl t-butyl ether. After mixing and centrifugation, the organic layer was transferred to a clean 13 · 100 mm tube, acidified with 10 ll of 0.1 N HCl and mixed. The organic solvent was evaporated and the residues were reconstituted in 100 ll of methanol : 10 mM ammonium acetate (1 : 9, v ⁄ v) and 10 ll was injected into the LC-MS ⁄ MS. LC-MS ⁄ MS was performed on a Surveyor HPLC system and a TSQ Quantum triple quadrupole MS with ESI source (ThermoFinnigan, San Jose, CA, USA). Chiral separations were conducted on a Chiral-AGP 50 · 2.0 mm, 5 lm column (Analytical, Pompton Plains, NJ, USA). The mobile phase was a gradient of 10 mM ammonium acetate (A) and methanol (B) with %A at 88, 88, 60, 60, 88 and 88 at 0, 2.5, 3.6, 9.0, 9.1 and 16 min., respectively. The multiple reaction monitoring of m ⁄ z 310 to 265, m ⁄ z 313 to 268, m ⁄ z 278 to 234 and m ⁄ z 281 to 234 were used to analyse methadone, methadone-d 3 , EDDP and EDDP-d 3 , respectively. Weighted 1 ⁄ X 2 quadratic curves were used for quantification over an enantiomer range from 2.5 to 500 ng ⁄ ml. Quality control samples prepared in HLM at 2.5, 5.0, 100 and 400 ng ⁄ ml (n = 5 per concentration) were tested at initial validation and had % target accuracies within 16% at the lower limit and within 15% at higher concentrations; % CVs were within 13.8% [5] . Further validation data are available in our previous publication [5] .
Results
Stereo-selective metabolism of methadone in CYP supersomes. Incubation of racaemic methadone with cDNA-expressed CYPs revealed that the catalytic activities of CYP supersomes for the turnover of (R)-methadone was in the order of 2B6 > 3A4 > 2C19 > 2D6 > 3A7 > 2C18 > 2C8 > 3A5; for the turnover of (S)-methadone, it was in the order of 2B6 > 3A4 > 2D6 > 2C19 > 2C18 > 2C8 > 3A5 ( fig. 1A ). The same order was observed for EDDP production ( fig. 1B) . The difference between methadone turnover and EDDP production was mainly found with 2B6 and 3A4 ( fig. 1C) , which indicated that some other metabolic pathways might be involved. Enantiomer selectivity was quantitated as (S ) R) ⁄ R · 100%. For CYP3A4, 2B6, 2C19, 2D6, 2C18 and 2C8, the differences between two enantiomers for EDDP production were 15, 76, )67, 38, 41 and )44%, respectively. The respective differences of methadone turnover were 10, 71, )68, )1, 62 and )45%.
Scaling.
When activities were scaled based on relative abundance of CYPs in HLM determined by immunoquantitation or by RAF [20] , the predominant enzyme contributing to methadone turnover and EDDP production was 3A4 (table 1) . CYP2B6 showed the next highest relative activity with contribution to (S)-turnover ⁄ production (18-32%) exceeding the (R)-turnover ⁄ production (12-21%). For CYP2C19, the (R)-turnover ⁄ production (5-14%) exceeded (S)-turnover ⁄ production (2-4%). The method of determining abundance had some impact on absolute percentages, but not on the ranking of contribution (table 1).
Other metabolites.
In an effort to understand the contribution of other metabolic pathways, we also monitored for 2-ethyl-5-methyl-3, 3-diphenylpyraline (EMDP) in most incubates with a limit of detection of approximately 1.0 ng ⁄ ml; no EMDP production was noted under these incubation conditions. In selected samples, we also performed selective ion monitoring for hydroxyl metabolites of methadone and EDDP (M + 16) and were not able to detect any peaks. Subsequent studies focused on (R)-and (S)-EDDP production.
Correlation analysis.
The rate of formation of (R)-EDDP and (S)-EDDP was also determined in 15 individual phenotyped HLMs and the data were correlated with CYP phenotyped activities provided by the vendor. Significant correlations (p < 0.05) were observed for both (R)-EDDP (r = 0.82) and (S)-EDDP (r = 0.54) formation with testosterone 6b-hydroxylation catalysed by CYP3A, and (R)-EDDP (r = 0.60) and (S)-EDDP (r = 0.86) (S)-mephenytoin N-demethylation catalysed by 2B6 ( fig. 2) . The S ⁄ R ratio was significantly correlated (p < 0.05) with CYP2B6. Significant correlations were also found between (R)-EDDP (r = 0.58) and (S)-EDDP (r = 0.68) formation with paclitaxel 6a-hydroxylation catalysed by 2C8; this, however, appeared to arise from a significant correlation within the liver bank for 2B6 versus 2C8, r = 0.596. Other significant correlations between activities within the liver bank were as follows: 1A2 versus 2C19, r = 0.892; 2D6 versus 3A4, r = 0.593 (negative slope); and 2C9 versus 2E1, r = 0.515. There was no significant correlation between 3A4 and 2B6 activities (r = 0.09).
Chemical and immuno-inhibition of methadone N-demethylation mediated by 3A4. midazolam was concentration-dependent and it increased from 30 to 90% as the concentration of midazolam increased from 10 to 100 lM. The inhibition by troleandomycin was over 88% at the lowest concentration tested (10 lM) and it slightly increased as the concentration increased to 50 lM. Tamoxifen (10 lM) and fluoxetine (10 lM) were weaker inhibitors (<45%) under these conditions (table 2) . The same inhibitors were used with a selected HLM with high 3A4 activity. Except for tamoxifen and fluoxetine, all the other inhibitors including mAb 3A4 ⁄ 5 reduced (R)-and (S)-EDDP production 52-93% and 43-86%, respectively. These data suggested 60-85% of the EDDP formation in this HLM was attributed to 3A.
Chemical and immuno-inhibition of methadone N-demethylation mediated by 2B6. The inhibitory capability of methadone N-demethylation by CYP2B6-selective chemical inhibitors Thio-TEPA (50 lM) and orphenadine (100 lM) was evaluated initially in 2B6 supersomes. Thio-TEPA was a strong 2B6 inhibitor that inhibited more than 85% of EDDP formation, whereas orphenadine was much weaker and inhibited less than 45%. In a selected HLM with high CYP2B6 activity, the inhibition by Thio-TEPA was concentration-dependent over the concentration range 0.1-100 lM with the inhibitory percentage up to 47 and 77% for (R)-and (S)-EDDP formation, respectively. mAb 2B6 inhibited up to 65% and 85% for (R)-and (S)-enantiomer, respectively (table 3) .
Chemical and immuno-inhibition of methadone N-demethylation mediated by 2D6 and 2C19. The CYP2D6-selective chemical inhibitors quinidine (10 lM), fluoxetine (10 lM) and paroxetine (1 lM) were investigated in HLM and supersome. Quinidine inhibited less than 30% of (R)-and (S)-EDDP formation in HLM, although control reactions showed that greater than 97% of supersome 2D6 activity was inhibited under similar experimental conditions. No significant inhibition (<30%) was observed for fluoxetine and paroxetine in 2D6 supersome or a HLM with high CYP2D6 activity at these concentrations. Less than 10% of (R)-and (S)-EDDP formation was inhibited by mAb 2D6 in this HLM (table 4) . Ticlopidine (50 lM) inhibited more than 90% of (R)-and (S)-EDDP formation in supersome 2C19. In a selected HLM with high CYP2C19 activity, less than 15% of (R)-and (S)-EDDP formation was inhibited by ticlopidine. mAb 2C19 inhibited approximately 14% of (R)-EDDP formation with no effect on (S)-EDDP formation (table 4) .
Correlation of residual activity with percent inhibition of CYP3A4 and 2B6. Variation in inhibition in the selected HLMs was compared with residual (R)-and (S)-EDDP formation (i.e. activity remaining after inhibition), expressed as the R-⁄ S-EDDP ratio. In HLM enriched with CYP3A4 and CYP2B6, the respective control ratios were approximately 0.90 and 0.50. As inhibition of CYP3A4 increased in the 3A4-enriched HLM, the ratio decreased to those seen in control 2B6- Table 1 .
Scaling of contribution of individual CYPs to the depletion of (R)-and (S)-methadone (meth) and formation of R-and S-EDDP.

CYP Abundance from immunquantitation
Abundance from relative activity factor Scaling was performed with the Gentest liver bank data for immunquantitations and activities (except for CYP2B6 activity) as previously described [20] . *Reference activity for 2C18 in HLM is not available. 
(R)-Meth (S)-Meth (R)-EDDP (S)-EDDP (R)-Meth (S)-Meth (R)-EDDP (S)-EDDP
S-Mephenytoin N-demethylation (2B6) R-EDDP formation S-EDDP formation S-EDDP/R-EDDP
Fig. 2. Correlation of activities in 15 phenotyped HLM between testosterone 6b-hydroxylation (3A) and R-EDDP formation (A), S-mephenytoin N-demethylation (2B6) and S-EDDP formation (B) and S-mephenytoin N-demethylation (2B6) and the ratio of S-EDDP ⁄ R-EDDP formation.
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enriched HLM; correlation between the ratio and extent of inhibition (R = 0.824) was significant ( fig. 3A) . As inhibition of CYP2B6 increased in the 2B6-enriched HLM, the ratio increased to, and surpassed, those seen in control 3A4-enriched HLM; correlation between the ratio and extent of inhibition (R = 0.946) was significant ( fig. 3B ).
Discussion
We have employed an array of in vitro techniques to define the involvement of specific CYPs in the stereo-selective metabolism of methadone. The use of all of these methodologies in one study provides a stronger argument for CYP involvement, or non-involvement, and has allowed us to achieve our aim of reconciling previous results of in vitro studies. Although the replicates used for each set of experiments were too few to permit statistical comparisons, the use of multiple approaches strongly demonstrates that on an average CYP3A, 2B6 and 2C19 contribute 60-75, 20-30 and 5-15% to methadone turnover and EDDP production with CYP2B6 the primary contributor to enantiomer-specific metabolism.
In the current study, the stereo-selective metabolism of methadone was examined in a panel of 12 CYP supersomes. Previous studies have examined nine [11, 17] , seven [16] , five [12, 14] or three [13, 15, 18, 19] cDNA-expressed CYPs. With Values are the mean of duplicate incubations in HLM 452018 (high CYP3A4 ⁄ 5 activity). The manufacturers stated activities for the tested CYPs were: S-mephenytoin N-demethylation (2B6), 32; S-mephenytoin 4-hydroxylation (2C19), 23; bufuralol 1¢-hydroxylation (2D6), 28; testosterone 6b-hydroxylation (3A4 ⁄ 5), 12,000. Mean activities for (R)-and (S)-EDDP production were 11.8 and 15.6 nmol ⁄ min. ⁄ mg prot. nd, not determined. Table 3 .
Effect of chemical and monoclonal antibodies (mAb) inhibition on (R)-and (S)-EDDP production in HLM with high CYP2B6 activity and CYP2B6 supersomes
Inhibitor the exception of CYP2E1, all were able to turnover methadone, and all except 2E1, 1A2 and 2A6 produced EDDP under the conditions employed. We confirmed the R > S stereo-selective properties of 2C8 [15] and 2C19 [16, 18, 19] , further refuting the observation of Foster et al. [13] that 2C19 was not stereo-selective. We also confirm the S>R stereoselective properties of 2B6 [16, 18, 19] and 2D6 [15] , and observe these for the first time for 2C18. Our study on lack of stereo-selectivity of methadone depletion by CYP3A4 agrees with Gerber et al. [16] as opposed to the stereo-selectivity observed by Wang and De Vane [15] . The use of a large number of CYPs in the screen permits a reliable comparison for scaling. This calculation expresses activity relative to abundance of CYPs in human liver, and has only previously been approached by Iribarne et al. [11] , but they lacked information on CYP2B6 and 2C19. This calculation suggests that based on CYP mean abundance, CYP3A4 has an approximately 2-3-times greater involvement in methadone turnover and EDDP formation than 2B6, and even greater so than 2C19 and 2D6. Contributions of other CYPs were almost negligible. The conditions used for our experiments in recombinant-expressed CYPs closely matched those used by Kharasch et al. [17] in regard to substrate concentration ( 2.5 lM) and source of enzymes (co-expression of CYP reductase and cytochrome b 5 when available). In their experiment, the activity of CYP3A4 versus 2B6 was even higher, so scaling would suggest an even lower involvement of CYP2B6. It is worth noting that the ratio of abundance of CYP3A4 to 2B6 in our liver bank database of 6.9 does not differ too greatly from the 5.5 determined from the approximate slope of the liver bank used presented by Kharasch and colleagues in a later publication ( fig. 2 in [19] ). Differences in exact percent outcome based on use of immunoquantitation versus RAF to estimate abundance have been discussed previously [20, 22] ; inclusion of holoenzyme during immunoquantitation and lack of complete specificity of CYP-specific activities for RAF determinations are respective limitations.
Only Iribarne et al. [11] have performed correlation analysis of a bank of HLM, and theirs was limited to CYP3A activity. Our correlation analysis strongly supports the role of CYP3A4 and the stereo-selective role of CYP2B6. A significant correlation was also found between CYP2C8 activity and the formation of (S)-EDDP as well as the ratio of S ⁄ R-EDDP formation. Based on other information that is negative for a significant contribution of CYP2C8 to methadone N-demethylation, this correlation appears to arise from the correlation within our liver bank of CYP2C8 activity with CYP2B6 activity. It might be pre-mature to suggest some coregulation of CYP2B6 and 2C8 based on this finding, as Totah et al. [19] reported a significant correlation between CYP2B6 and CYP3A4 immunoquantitations in their liver bank, which we could not reproduce between CYP2B6 and CYP3A4 activities. For studies on the effect of immuno-and chemical-inhibition, we used phenotyped HLM that had relatively greater activity for the CYP under investigation. Only Foster et al. [13] have also used immuno-inhibition and those were limited to antibodies directed against CYP3A4 and 2E1. The use of mAb against CYP3A4 and 2B6 supports the prominent roles of these enzymes in methadone metabolism, while those against CYP2C19 and 2D6 support the minimal roles of these enzymes. This was substantiated by the impact of chemical inhibition. There were some limitations to these experiments as developments in selectivity of some of the inhibitors have evolved since we made initial protocols for our experiments. For example, although Ko et al. [23] demonstrated ticlopidine was a potent competitive and mechanism-based inhibitor of CYP2C19, it was subsequently found that ticlopidine was an even more potent competitive and mechanismbased inhibitor of CYP2B6 [24, 25] . Thus, the inhibition of (S)-EDDP formation seen in table 3 was probably due more to inhibition of CYP2B6. The limited involvement of CYP2C19 is seen from the immuno-inhibition experiments. Also, thio-TEPA, while better known as a selective mechanism-based inhibitor of CYP2B6, has also been found to be a potent and selective reversible inhibitor [26] , as used in this study. This study substantiates others that show orphenadrine is not an optimal selective inhibitor of CYP2B6 [27, 28] . Not all inhibitors were chosen for their potency (e.g. orphenadrine, fluoxetine, tamoxifen), as a spread of inhibition allowed the correlation between residual stereo-selectivity.
This correlation strongly supports the finding of Totah et al. [19] that CYP2B6 is the major determinant of stereoselective metabolism of methadone in HLM. The significant negative correlation between R ⁄ S-EDDP ratio and residual enzyme activity in the presence of CYP2B6 inhibitors ( fig. 3B ) demonstrated that when the activity of 2B6 was inhibited, the priority of (S)-EDDP formation decreased and (R) ⁄ (S) ratio approached unity. The significant positive correlation between (R) ⁄ (S)-EDDP ratio and residual enzyme activity in the presence of CYP3A4 inhibitors ( fig. 3A) demonstrated that when the activity of 3A4 was inhibited, the relative amount of 2B6 increased and its priority to (S)-EDDP formation became dominant. The relative abundance of 2B6 and 3A4 would appear to be the major factors determining the stereo-selectivity of microsomal metabolism of methadone.
This conclusion is consistent with recent in vivo studies that compare CYP genotypes with trough and peak concentrations of (R)-and (S)-methadone and (R)-and (S)-EDDP. These studies showed that genetic determinants of CYP2B6 influences (S)-methadone and (S)-EDDP plasma concentrations, while genotypic variations in CYP1A2, 2C9, 2C19 and 2D6 have little influence [29] [30] [31] . In addition, patients phenotyped with lower CYP3A activity had higher steady-state trough (R,S)-methadone concentrations [30] . An exception for the involvement of CYP2D6 in methadone metabolism may exist for the ultrarapid metabolizers [32] . Here, the increased abundance of CYP2D6 may well make it a significant contributor.
Recently, Kharasch et al. [33, 34] have put forth the hypothesis that CYP3A4 is not involved in methadone clearance. The involvement of both CYP3A4 and 2B6 in methadone metabolism, however, can, at least in part, explain these findings on methadone drug interactions with the antiretroviral, ritonavir. In primary cultures of human hepatocytes, ritonavir is a mixed inhibitor ⁄ inducer of CYP3A4, while it is an inducer of CYP2B6 [35] . When methadone was given with ritonavir (200 mg tid increased over time to 400 mg bid), methadone metabolism was induced in the presence of inhibition of CYP3A4; this was accompanied by a significant increase in the metabolic ratio AUC (EDDP ⁄ methadone) that was much greater for the (S)-enantiomer [33] . When methadone was given with ritonavir (100 mg bid) combined with indinavir, methadone metabolism was essentially unchanged, whereas CYP3A4 was still inhibited and the metabolic ratio AUC (S)-EDDP ⁄ (S)-methadone was still significantly increased [34] . In both cases, ritonavir induced CYP2B6. In the first case where higher doses of ritonavir were used, the induction is sufficient to give overall induction even when CYP3A4 is inhibited; in the second case, with lower doses of ritonavir, the induction is only sufficient to offset the inhibition of CYP3A4.
Our current in vitro results are consistent with the importance of both CYP2B6 and CYP3A4 in the clearance of methadone. The potential of drug-drug interactions with methadone in vivo must take into consideration the effect on both. Because CYP2B6 has greater activity towards metabolism of (S)-methadone, an imbalance in the response of CYP2B6 and 3A4 during drug interactions may lead to differences between the (R)-and (S)-enantiomers. Even if the clearance of (R,S)-methadone was not altered, this could impact the therapeutic or toxic response to methadone treatment.
